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Executive Summary
This report was developed as part of the U.S. Department of Energy's Office of Energy Efficiency and Renewable Energy Bioenergy Technologies Office's (BETO's) efforts to enable the development of technologies for the production of infrastructure-compatible, costcompetitive liquid hydrocarbon fuels from lignocellulosic biomass feedstocks. The research funded by BETO is designed to advance the state of technology of biomass feedstock supply and logistics, conversion, and overall system sustainability. Current projections include research improvements deemed feasible within the 2022 timeframe. As part of their involvement in this research and development effort, the National Renewable Energy Laboratory, Idaho National Laboratory, and Argonne National Laboratory investigate the economics of conversion pathways through the development of conceptual biorefinery process models and techno-economic analysis models, delivered feedstock quality and cost, and supply chain sustainability assessment, respectively.
This report covers the 2018 state of technology (SOT) assessment and a revision of previous 2022 projections. The 2018 SOT assesses research progress made since 2014 toward the 2022 goal of developing technologies to produce cost-competitive, high-octane gasoline from woody biomass. It captures current research results as well as projected future technical improvements necessary to achieve the projected 2022 minimum fuel selling price (MFSP). Previous 2022 cost projections published in the BETO Multi-Year Program Plan have been revised based on current understanding of the research trajectory. The techno-economic analysis (TEA) model revisions include changes in the feedstock composition, delivered feedstock cost, the income tax rate, and the cost year basis. Additionally, to improve the model predictions, the model compounds used for modeling the process and bulk properties of the gasoline product have been updated to reflect the actual isomers from experiments. The process and economic models for the revised 2022 projection will serve as the framework for developing future annual SOT assessments. The National Renewable Energy Laboratory research and analysis teams will continue to work together to incorporate demonstrated experimental research results into the process and economic models to assess progress toward the 2022 goals. Table ES-1 summarizes the performance metrics for the 2018 SOT and the 2022 projection. The summary of the TEA results for the 2018 SOT and the 2022 projection are presented in Table ES-2 and Table ES Experimental research efforts to achieve the 2022 MFSP projection are ongoing. As seen in Table ES -1, a significant increase in the overall C5+ C-selectivity and a corresponding decrease in aromatics C-selectivity are required. To achieve this shift in C-selectivity away from aromatics and toward the desired C5+ products, catalyst development research is underway to control hydrogenation activity to reduce aromatic formation, with a complementary effort to control the chemistry to convert the resulting intermediates to C5+ products. These research improvements directly address the fuel synthesis cost, representing a $0.16 reduction in capital and operating costs in that area; combined with yield increases this will allow a total $0.49/GGE reduction in the MFSP. Research through 2022 and beyond will focus on process intensification and increasing the overall carbon efficiency as the primary avenues to address further cost reduction. Toward that goal, process analysis research is underway to identify the most impactful opportunities to recycle lost carbon back into the process. For example, carbon dioxide from vi syngas cleanup could potentially be recycled back to the methanol synthesis reactor to recover this otherwise lost carbon. Similarly, carbon lost to char could be recovered. Based on the findings of this analysis, complementary experimental research will be performed to explore the viability of these opportunities to increase carbon efficiency and reduce the overall cost. ............................................................................................................ Tables   Table ES- Table 6 . Material and Energy Flows for the High-Octane Gasoline Conversion Process (Gate-to-Gate) .. 21 Table 7 • The feedstock composition has been updated to reflect logging residues: from 1 wt% ash and 10 wt% moisture content to 3 wt% ash and 30 wt% moisture content, and with the updated corresponding delivered feedstock cost of $60.58/dry U.S. ton.
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• The financial assumptions were updated to reflect the current income tax rate of 21% (versus 35% previously) and the costs are reported in 2016 dollars (versus 2011 dollars in the design report).
• To improve the model predictions, the model compounds used for modeling the process and bulk properties of the gasoline product have been updated to reflect the actual isomers from experiments.
The process and techno-economic models from the revised 2022 projections will serve as the framework for developing future annual SOT assessments. The research and analysis teams will continue to work together to incorporate demonstrated experimental research results into the TEA models to assess progress toward the 2022 goals.
This report summarizes the analysis results from NREL for conversion, Idaho National Laboratory (INL) for feedstocks, and Argonne National Laboratory (ANL) for sustainability, in support of the biomass-derived syngas conversion pathway to high-octane gasoline.
Process Description and Assumptions
A simplified flow diagram for the process is shown in Figure 1 . The diagram depicts the major processing steps for the conversion of woody biomass to syngas via indirect steam gasification, syngas cleanup, and sequential synthesis of methanol, dimethyl ether (DME), and high-octane hydrocarbons. No change was made to the process design and configuration from the design report [1] . The biomass to clean syngas conversion steps (including indirect gasification and syngas cleanup via reforming) leverage technologies previously researched under Bioenergy Technologies Office (BETO) funding [2, 3] . Commercial technologies were adopted for the methanol synthesis and the subsequent methanol dehydration to DME. The current research efforts focus on the DME-tohigh-octane gasoline step where DME undergoes homologation to primarily form branched paraffin hydrocarbons. A detailed description of each process area, including design basis and operating conditions, can be found in the design report [1] and will not be repeated here. 
Feedstock Specifications and Costs
The feedstock composition and delivered cost have been updated for this report. The modeled feedstock assumptions for the 2018 SOT and the 2022 projection were maintained to be consistent with the feedstock specifications shown in Table 1 , which represents higher-ash material derived from logging residues. The updated dry basis elemental composition of the feedstock is different from that in the NREL design report, which used woody material with <1 wt% ash [1] . INL has recently updated the feedstock specification and cost for the forest residues-based material [4] . The current feedstock contains 3 wt% ash (i.e., mineral matter contained in the biomass feedstock) as opposed to 0.92 wt% in the previous study. Furthermore, the current feedstock moisture specification is 30 wt%, unlike the study in the design report [1] where moisture of 10 wt.% was assumed at the plant gate. The feedstock is subsequently dried from 30 wt% to 10 wt% using biorefinery waste heat prior to being fed to the gasification reactor. The delivered feedstock cost was estimated by INL and was determined to be $60.58/dry U.S. ton (2016$). This modeled feedstock cost is expected to remain the same from 2014 through 2018 and beyond. The feedstock cost encompasses all feedstock logistics and the feedstock drying equipment at the biorefinery. The feedstock specifications and costs are expected to be met via research, development, and optimization at INL.
It is prudent to perform the uncertainty analysis for the delivered feedstock baseline cost. The uncertainty can be attributed to those associated with the feedstock logistics, particularly the preprocessing steps. The parameters associated with the feedstock preprocessing steps, namely chipper energy consumption, chipper capacity, dryer energy, and dryer capacity, can have an impact on the overall feedstock delivery cost. Figure 2 illustrates the impact of the sensitivities for these parameters. The lower bound (minimum) and upper bound (maximum) for the parameters were obtained based on literature survey and are deemed practical. Chipper energy consumption exhibits the highest impact among the four parameters evaluated here. Lowering the chipper energy consumption from the baseline of 18.5 to 13.2 kWh/dry U.S. ton can improve the delivered feedstock cost by $1.55/dry U.S. ton (or about 2.6% improvement). Conversely, increasing the chipper energy consumption from 18.5 to 26.5 kWh/dry U.S. ton will add an additional $1.19/dry U.S. ton (or 2.0% increase). The current design capacity remains at 2,000 dry tonnes per day (2,205 dry U.S. tons per day). With an expected 7,884 operating hours per year (90% on-stream factor/availability), the annual feedstock requirement is approximately 657,000 dry tonnes per year (724,000 dry U.S. tons per year). The assumed on-stream factor allows approximately 36 days of planned and unplanned downtime per year. Impacts of plant size and feedstock cost on the MFSP for the 2022 projection are included in the sensitivity analysis in Section 6.4.
n th -Plant Financial Assumptions for Techno-Economic Analysis
The TEA reported here uses n th -plant economic assumptions. The key aspect associated with n thplant economics is that a successful industry has been established with many operating plants using similar process technologies. The TEA model encompasses a process model and an economic model. For a given set of conversion parameters, the process model solves mass and energy balances for each unit operation. This data is used to size and cost process equipment and compute raw material and other operating costs. The capital and operating costs are then used for a discounted cash flow rate of return analysis. An MFSP required to obtain a net present value of zero for a 10% internal rate of return (IRR) on the equity (also known as discount rate) is determined. Further discussion about the TEA model is available in the previous design report [1] .
To be consistent with the latest financial assumptions used for other recent economic analyses done for BETO, the income tax rate was updated from 35% to 21%, and the cost year basis for analysis was updated to 2016 dollars (versus 2014 dollars in BETO's previous Multi-Year Program Plan [MYPP]) published in 2016 [5] . A summary of the updated n th -plant assumptions applied in this report are listed in Table 2 . a Capital depreciation is computed according to the United States Internal Revenue Service modified accelerated cost recovery system (MACRS). Because the plant described here is not a net exporter of electricity, the steam plant and power generation equipment are not depreciated over a 20-year recovery period, according to the Internal Revenue Service. The whole plant capital is depreciated over a 7-year recovery period.
2018 State of Technology
Experimental and Results
The current research efforts focus on the DME-to-high-octane gasoline step where DME undergoes homologation to primarily form branched paraffin hydrocarbons. The direct homologation of DME into alkanes and water is hydrogen-deficient, resulting in the formation of unsaturated alkylated aromatic residues, which reduce yield and can contribute to catalyst deactivation. NREL researchers have overcome this challenge by developing a Cu-modified H-BEA catalyst (Cu/BEA) that is able to incorporate hydrogen, from gas-phase hydrogen co-fed with DME, into the desired branched alkane products while maintaining the high C4 and C7 carbon selectivity of the parent H-BEA [6] . The Cu/BEA catalyst is a multifunctional catalyst. It activates co-fed hydrogen and incorporates it into the hydrocarbon products, increasing paraffin selectivity and decreasing aromatics selectivity. Additionally, the Cu/BEA catalyst exhibits C4 or isobutane reactivation capability. C4 hydrocarbons can be recycled back to the DME-to-hydrocarbons reactor, significantly increasing the overall C5+ hydrocarbons product selectivity. Noticeable process economic benefits can be realized by incorporating these catalyst performance improvements into the process design. The combination of increased productivity and decreased aromatics selectivity suggests a corresponding increase in overall carbon efficiency to desired products, which is a key driver in biomass-to-fuels process economics. Similarly, the reduction in aromatic products suggests that the catalyst may also exhibit a longer lifetime than the parent H-BEA catalyst that requires frequent regeneration. The NREL research team continues to improve the Cu/BEA catalyst performance, including the C4 or isobutane recycle conversion, to help achieve the 2022 cost goal. The catalyst performance metrics are shown in Table 3 and the results are derived from the bench-scale experiments described below.
Isobutane Recycle Study
Isobutane recycle and re-incorporation in the hydrocarbon product for the production of larger molecules can help improve the economics of this process. The 2018 SOT Cu/BEA catalyst was tested in simulated isobutane recycle experiments to quantify its effectiveness in this regard. A corresponding control experiment for the catalyst was run without co-fed C4. Catalysts were first subjected to an induction period at 200°C, 3 psig, 1:1 molDME/molH2, and a DME weight hourly space velocity of approximately 0.6 h -1 . Following the induction period, catalysts were tested at 220°C and 3 psig, and finally 220°C and 25 psig. For simulated C4 recycle conditions, a 1% isobutane/He mixture was used in place of inert He gas. The resulting isobutane concentration was 0.4 mol%, corresponding to a weight hourly space velocity with respect to C4 = 0.01 h -1 . The data from these experiments with co-fed isobutane are presented in Figure 3 . 
Key Catalyst Performance Metrics
The research focus for this pathway is the conversion of DME to hydrocarbons. The key Cu/BEA catalyst performance metrics or parameters for assessing overall performance of the DME to hydrocarbon conversion step are (1) single-pass conversion of DME, (2) hydrocarbon productivity of the catalyst, (3) selectivity to desired products (C5+ hydrocarbons), and (4) carbon selectivity to aromatics. The NREL thermochemical research team generated experimental data for the 2018 SOT performance. The 2018 experimental results for the SOT base case for the key technical performance metrics are highlighted in Table 3 . The demonstrated DME single-pass conversion obtained from NREL's Cu-modified beta zeolite catalyst is 38.9% at 220°C, which is about 97% of the 2022 projection (40% at 225°C). Single-pass DME conversion is expected to be higher at higher operating temperature. Earlier experimental data also revealed that an increased operating pressure at 20 psig resulted in a moderate increase in the C5+ selectivity, and also a notable increase in the C7 product along with a corresponding decrease in C4-species (non-gasoline-range light gases) during the DME-to-hydrocarbons reaction. While the current process model includes higher pressure (95 psia) operation and includes additional compression costs, the experimental data was at a lower pressure, and leaves room for future improvements by adjusting the operating conditions. Thus, the current simulated results can be considered conservative in the context of the improved product selectivity trend at higher pressures compared to experimental pressures of 3-40 psig. Further, the Cu/BEA catalyst is able to reactivate C4 alkanes, thus increasing the overall C5+ product yield. The overall C5+ selectivity for the 2018 SOT was found to be at 72.3%, compared to 86.7% for the 2022 projection. The lower overall C5+ selectivity in the 2018 SOT case is due to both the lower single-pass C5+ selectivity (not including the recycle) and the lower C4 reactivation (22% for the 2018 SOT compared to 40% for the 2022 projection). The observed DME homologation hydrocarbon product distribution and selectivity under these conditions were updated for the 2018 SOT process model, as shown in Figure 4 and Table 4 . The demonstrated hydrocarbon productivity is determined to be 0.073 kg/kg-cat/h, which is about 27% lower than the 2022 projection (0.10 kg/kg-cat/h). Note that catalyst productivity is affected by the interplay of multiple factors including DME conversion, carbon selectivity, and space velocity.
The carbon selectivity to aromatics for the 2018 SOT is 8%; half of those are heavy aromatic deposits on the catalyst and is represented with hexamethylbenzene (HMB). HMB is removed from the catalyst surface during the catalyst regeneration under a mild oxidation condition. The selectivity for the aromatics for the 2022 projection is 0.5%. 
Heat Integration and Pinch Analysis
The importance of performing the heat integration of a process is to improve its overall energy efficiency. Additionally, it is important to make sure that there are no temperature crossovers and that a feasible heat exchanger network can be designed based on process heat exchange in the modeled system. This can be accomplished via the heat integration and pinch analysis. The concept of pinch technology offers a systematic approach for optimizing energy integration in process design. Temperature and heat flow (Q) data were gathered for the hot process streams (streams cooled in the process), cold process streams (streams heated in the process), and utility streams like steam. Figure 5 shows the cumulative hot and cold pinch curves for the 2018 SOT case. The minimum vertical distance between the curves is ΔTmin, which is theoretically the smallest approach temperature in the exchanger network. For this design, the pinch occurs at ~Q = 18.5 MMBtu/h where the upper and lower pinch temperatures are 181.4°F (83.0°C) and 147.5°F (64.2°C), respectively. The resulting ΔTmin is 33.9°F (18.8°C) which is feasible for a heat exchange network design. The heat exchanger costs were derived by scaling the costs from the detailed heat exchange network in the design report [1] using total process heat exchange duties. 
Energy Balance
Detailed energy balances around the major process areas were derived using data from the Aspen Plus simulation. Comparing the process energy inputs and outputs allows the energy efficiency of the process to be quantified. Tracing energy transfer between process areas also makes it possible to identify potential improvements to the energy efficiency. The output distribution of the total energy content of dry biomass (LHV basis) is shown in Figure 6 . The total energy in the dry portion of the biomass feed (0% moisture) is 1,443 MMBtu/h. Approximately 36% of the LHV is recovered in gasoline-range product. A significant amount (30%) is lost through air-cooled exchangers, and the rest (34%) is lost because of moisture in the feed and other water input to the process, as well as electrical and thermal losses. Table 5 provides the summary of yields, rates, and conversion costs for both the 2018 SOT case and the revised 2022 projection (presented in Section 6). The production rates for the high-octane gasoline (HOG) blendstock is 35.9 million gallon of gasoline equivalent (GGE) per year, corresponding to 49.6 GGE per dry U.S. ton of feedstock. About 36% of the energy content of the feedstock is recovered in the HOG (as depicted in Figure 6 ). The resulting MFSP for the 2018 SOT for high-octane gasoline was determined to be $3.79/GGE in 2016 U.S. dollars. Note that the baseline used in the GGE calculation is obtained from Greenhouse gases, Regulated Emissions, and Energy use in Transportation (GREET) model, 116,090 Btu/gal (LHV) for gasoline blendstock [7] ; the LHV for the high-octane gasoline produced in the 2018 SOT model is 112,026 Btu/gal (LHV).
Techno-Economic Analysis
A summary of the costs contributing to the total high-octane gasoline selling price is presented in Figure 7 . This cost contribution chart shows coproduct credits for electricity (1) from the methanol synthesis area for electricity from the syngas expansion and (2) for electricity from the steam system and power generation area. However, the process was adjusted so that the electricity generation balances the plant's electricity requirements and no excess electricity is sold to the grid. The production cost associated with the DME-to-HOG synthesis is about $0.64/GGE, or about 17% of the MFSP. The biggest contributor is the feedstock, about $1.24/GGE or 33% of the MFSP. Figure 8 shows the process flow diagram for a sensitivity case for the 2018 SOT. As a sensitivity study, mixed butane is sent to a dehydrogenation reactor in which isobutane to isobutene conversion takes place on a commercial CrOx/ZrO2 catalyst at 550°C and 137 psia, and with the isobutane conversion and isobutene selectivity set at 53% and 89%, respectively [8] . Subsequently, the C4 olefins together with the C5+ olefins present in the crude gasoline-range hydrocarbon stream are allowed to undergo coupling to make jet-and diesel-range hydrocarbons, using an Amberlyst-35 catalyst to produce distillate-range hydrocarbons (C10-C20) using reaction conditions and product distributions specified in the literature [9] ; the C10+ productivity of the Amberlyst-35 catalyst of 0.172 kg/kg-cat/h at 100°C was used in the model. For the sensitivity case, the addition of the mixed C4 dehydrogenation step and the coupling of C4+ olefins to jet-/diesel-range hydrocarbons offers an additional product stream from this process. As shown in Figure 9 , the product slate includes, on an energy basis, about 57% HOG-, 38% jet-, and 6% diesel-range hydrocarbons. Furthermore, the total fuel yield for the sensitivity case is also higher (51.8 GGE/dry U.S. ton) compared to the base case (49.6 GGE/dry U.S. ton). The higher overall hydrocarbon yield due to the production of jet/diesel is largely attributed to the high selectivity of isobutane (approximately 33%, derived from Table 4 ), which holds the key to high distillate yields.
2018 SOT Sensitivity Case
Higher overall fuel yield does not completely compensate for the additional capital and operating costs associated with the dehydrogenation and coupling steps, and consequently, the resulting MFSP for the sensitivity case is nearly 2% higher, $3.86/GGE compared to $3.79/GGE for the base case. Overall, this alternative design can expand the product slate and potentially help improve the overall product yield, and this comes with a relatively small increase (< 5%) in the production cost. Note that this sensitivity case is based on prior year experimental results and that future research and development (R&D) is focused on improving yields to the HOG product.
Revised 2022 Projection
The 2022 projection presented previously in the design report [1] and the 2016 MYPP [5] was updated. The overall process design and configuration remained unchanged (shown in Figure 1 ). The TEA model revisions included the following: (1) the feedstock composition was updated to reflect the use of logging residues (3 wt% ash and 30 wt% moisture content) (Table 1) , with a corresponding delivered feedstock cost of $60.58/dry U.S. ton; (2) revised financial assumptions included a 21% income tax rate and 2016 cost year basis, as presented in Table 2 ; and additionally, (3) the model compounds listed in Table 17 of the design report [1] were updated here to reflect the actual isomers from the 2018 SOT experiments and to better align the process model with current experiments (shown in Table 4 ). Results from these revisions are presented below. Figure 10 shows the cumulative hot and cold pinch curves for the updated 2022 projection. For this design, the pinch occurs at ~Q = 72.7 MMBtu/h where the upper and lower pinch temperatures are 184.7°F (84.8°C) and 150.8°F (66°C), respectively. The resulting ΔTmin is 33.9°F (18.8°C), which is feasible for a heat exchange network design. Note that decreasing the approach temperature (ΔTmin) may potentially improve the efficiency. However, this will increase the heat transfer area in an exchanger network design, resulting in a higher associated capital cost. Figure 11 shows a detailed energy balance for the 2022 projection model. The total energy in the dry biomass feed (0% moisture) is 1,443 MMBtu/h. Approximately 40% of the LHV is recovered in gasoline-range product. A significant amount (29%) is lost through air-cooled exchangers, and the rest (31%) is lost because of moisture in the feed and other water inputs to the process, as well as electrical and thermal losses. 
Heat Integration and Pinch Analysis
Energy Balance
Techno-Economic Analysis
The combination of all process and financial targets, as well as other assumptions presented in this report, result in a minimum fuel selling price of $3.30/GGE in 2016 U.S. dollars (Table 5 ). The production rates for the high-octane gasoline blendstock is 39.6 million GGE per year, corresponding to 54.7 GGE per dry U.S. ton of feedstock. About 40% of the energy content of the feedstock is recovered in the HOG (as depicted in Figure 11) . Again, the baseline used in the GGE calculation is obtained from GREET, 116,090 Btu/gal (LHV) for gasoline blendstock [7] ; the LHV for the high-octane gasoline produced in the 2022 projection model is 113,309 Btu/gal (LHV).
A summary of the costs contributing to the total high-octane selling price is presented in Figure 12 .
The production cost associated with the DME-to-HOG synthesis is about $0.48/GGE, or about 15% of the MFSP. The biggest contributor is the feedstock, about $1.12/GGE or 34% of the MFSP. 
Sensitivity Analyses
The total cost of high-octane gasoline production, as indicated by the MFSP, is determined based on a combination of various assumptions, both technical and financial. Financial and market assumptions include financing criteria like IRR for equity investment and the interest on debt. In addition, potential variability in equipment design, installation, and construction costs may impact the economics. Although the assumptions and estimated plant capital costs are reasonable, it is important to consider the impact of deviations from the base case 2022 projection. Sensitivity analysis results for key parameters identified as important factors affecting the MFSP are discussed here. The results for the sensitivity analysis are summarized in Figure 13 . The results are ordered by potential impacts on MFSP value (highest to lowest). The sensitivity scenarios represent a deviation in a single parameter with all other uncorrelated parameters remaining constant at base case values. Note that each sensitivity scenario in Figure 13 has an associated deviation value from the base case. If a deviation bar is not visible, then the impact on MFSP is negligible. The case numbers in the following discussion refer to the numbers shown in the labels of Figure 13 . Deviation from base case financial parameters can have significant impacts on the MFSP. The base case financial assumptions are shown in Table 2 . Case 1 in Figure 13 shows the possible savings realized by economies of scale from changes to the plant size. It is assumed in the plant size sensitivity scenario that the same technology is utilized for all plant sizes. A major constraint to larger plant sizes will potentially be significantly higher feedstock logistics costs. An increase in required IRR for the project from 10% to 20% (Case 2) would increase the MFSP from $3.30 to $4.23 per GGE (an increase of 28.2%). Variability in the total capital investment (TCI) can also have a major impact on MFSP. Applying a variability range of -10% to +30% to a TCI sensitivity (Case 3) results in an MFSP range of $3.14 to $3.79 per GGE (-4.8% to +14.8%). The impact of changes to the capital costs of the gasifier and reformer is shown in Case 17.
Although the current plant design basis specifies logging residues-based feedstock, there is a potential for other feedstocks to be used, such as from pulpwood or blended biomass, based on future biomass availability. The composition of the feedstock (such as ash and moisture contents) and delivered feedstock cost, as well as the resulting yield, are likely to be different than the current base case. The yield of the high-octane gasoline blendstock exhibits a direct impact on MFSP, as shown in Case 5. An increase in the yield from the baseline (56 gallons or 55 GGE/dry U.S. ton) to 60 gallons leads to a 6.7% decrease in MFSP. Likewise, decreasing the yield from 56 gallons to 50 gallons per dry U.S. ton results in an increase of 12.1% in the MFSP. As shown in Case 7, changing the feedstock cost 25% above or below the baseline of $60.58/dry U.S. ton results in an 8.5% increase or decrease in the MFSP. The impacts of moisture and ash and contents are quantified in Cases 6 and 11, respectively. Product yields increase for lower moisture feedstocks because less energy is used for drying, resulting in lower MFSP (Case 6); a decrease in moisture content from the base case of 30% to 10% results in 11% improvement in the MFSP. Increasing the ash content from the base case to 8% will increase the MFSP by 6.4%; decreasing the ash content to 1% will improve the MFSP by 2.4% (Case 11).
Because the heat and power requirements of the process cannot be met through char and off-gas combustion alone, some raw syngas from indirect gasifier is diverted for heat and power production. Although this option makes the design energy self-sufficient, it also lowers the overall product yield. Case 14 is a sensitivity case without utilizing raw syngas for plant heat and power; electricity import is required. Importing electricity in lieu of combusting syngas improves both fuel yield and carbonto-fuel efficiency by 7%, leading to a lower MFSP of $3.14/GGE, or 4.8% lower than the base case. It is noteworthy that importing electricity will impact the supply chain greenhouse gas (GHG) emission. The carbon intensity associated with the import electricity was determined to be about 5.9 g CO2e/MJ.
Sustainability Assessment
This section presents the conversion process-related sustainability metrics based on the 2018 SOT and 2022 projection models. Direct air emissions from the biorefinery (i.e., CO2, NO2, and SO2), water consumption, and other process-related metrics were taken from the Aspen Plus conversion process models described above. The material and energy flows of the conversion step capture the impacts of input raw materials, and outputs, such as fuel yields, waste, and coproducts as predicted by the process model, and are shown in Table 6 .
The input/output inventories in Table 6 also provide the necessary information required for performing life cycle and supply chain sustainability modeling to quantify GHG emissions and fossil energy consumption. The biorefinery GHGs and fossil energy consumption are quantified separately under supply chain sustainability analysis efforts by ANL. A complete well-to-wheel or supply chain life cycle assessment evaluation is required to fully understand the sustainability implications for the full supply chain based on this technology pathway, such as how the overall integrated biorefinery GHG emissions profiles compare with petroleum-derived liquid fuels. Fuel combustor % biogenic C 100% 100% Table 7 summarizes the key sustainability metrics for the 2018 SOT and 2022 projection conversion processes evaluated here. The supply chain sustainability assessment (SCSA) of the syngas conversion pathway was conducted using ANL's 2018 version of the GREET model [10] . The SCSA incorporated the 2018 SOT feedstock (100% logging residues) and the 2022 feedstock design (100% logging residues) that INL has modeled [4] for the syngas conversion pathway. For the conversion step, fossil energy consumption is about 0.035 and 0.029 MJ/MJ for the 2018 SOT and 2022 projection cases, respectively, and GHG emission intensities are about 2.9 and 2.4 g CO2e/MJ for the 2018 SOT and 2022 projection cases, respectively. Almost 100% energy self-sufficient conversion processes contribute to the low fossil energy consumption and low GHG emission intensities of the syngas conversion technology. The overall GHG reduction relative to the petroleum-derived fuels are greater than 60% for both 2018 SOT and 2022 projection cases [11]. The respective fuel yield for the 2018 SOT and the 2022 projection are 49.6 and 54.7 GGE/dry U.S. ton. The carbon efficiency for the 2018 SOT and 2022 projection are roughly 26% and 28%, respectively. Because the current design option is to make the process energy self-sufficient, the heat and power requirements of the process can be met through the combustion of char, available fuel gas and process off-gases, as well as make-up fuel from the raw syngas. Thus, electricity imported from the grid and supplemental natural gas for heating are not required. On an energy basis, the conversion process water consumption for the 2018 SOT and the 2022 projection are 3.3 gal/GGE (1,380 m
Conclusions and Future Work
Annual SOT updates are conducted to track R&D progress for the syngas -HOG conversion pathway. TEA helps quantify research progress toward 2022 goals. This report documents the 2018 SOT assessment and the revised 2022 projections. The 2018 SOT experiments and the associated TEA model document the progress made with the improved performance of the Cu-modified betazeolite catalyst for the conversion of DME to high-octane gasoline blendstock. The 2018 SOT assessment for this pathway also includes one scenario for the coproduction of jet-and diesel-range blendstocks through dehydrogenation of mixed butane and olefins coupling. This scenario enables the biorefinery to diversify the product slate at an extra production cost. This sensitivity case is based on prior year experimental results; ongoing R&D is focused toward improving HOG yields, and not the sensitivity case yields of distillates. Future research efforts will continue to focus on improving the catalyst performance, reflected by hydrocarbon productivity, which in turn is a function of DME conversion, C5+ hydrocarbon selectivity, and space velocity.
This report also summarizes results of pinch analysis, energy balance, economic analysis, and environmental sustainability analysis for the 2018 SOT and revised 2022 projection. For the 2018 SOT, the modeled gasoline equivalent price by lower heating value is $3.79 per gallon based on bench-scale experimental results and TEA assumptions described in this report. The MFSP for the 2022 projection is $3.30/GGE using the underlying assumptions and catalyst performance goals outlined in this report. Further improvements and cost reductions for the 2022 projection of $3.30/GGE are possible, as shown in the sensitivity analysis. Significant impacts identified in the sensitivity cases include economies of larger scales, lower feedstock costs, and higher product yields.
Experimental research efforts to achieve the 2022 MFSP projection are on-going. As seen in Table  ES -1, a significant increase in the overall C5+ C-selectivity and a corresponding decrease in aromatics C-selectivity are required. To achieve this shift in C-selectivity away from aromatics and toward the desired C5+ products, catalyst development research is underway to control hydrogenation activity to reduce aromatic formation, with a complementary effort to control the chemistry to convert the resulting intermediates to C5+ products. These research improvements directly address the fuel synthesis cost, representing $0.16 reduction in capital and operating costs in that area; combined with yield increases, this will allow a total $0.49/GGE reduction in the MFSP.
Research through 2022 and beyond will focus on process intensification and increasing the overall carbon efficiency as the primary avenues to address further cost reduction. Toward that goal, process analysis research is underway to identify the most impactful opportunities to recycle lost carbon back into the process. For example, carbon dioxide from syngas cleanup could potentially be recycled back to the methanol synthesis reactor to recover this otherwise lost carbon. Similarly, carbon lost to char could be recovered. Based on the findings of this analysis, complementary experimental research will be performed to explore the viability of these opportunities to increase carbon efficiency and reduce the overall cost.
The full life cycle and supply chain sustainability assessment (from feedstock production to vehicle operation) showed that the overall life cycle GHG emissions reduction for both the 2018 SOT and 2022 projection exceeds the 60% reduction criteria relative to the 2005 petroleum gasoline baseline. The analysis team(s) will continue to support BETO's pathway development goals through (1) state of technology assessments to quantify progress toward 2022, (2) alternate scenario models and research variations for the achievement of 2022 goals, (3) integration of sustainability metrics into analyses, (4) sharing goals and results publicly through NREL technical reports, (5) the BETO MYPP, (6) journal publications, and (7) 
